Knellwolf TP, Hammam E, Macefield VG. The vestibular system does not modulate fusimotor drive to muscle spindles in relaxed leg muscles of subjects in a near-vertical position.
-It has been shown that sinusoidal galvanic vestibular stimulation (sGVS) has no effect on the firing of spontaneously active muscle spindles in either relaxed or voluntarily contracting human leg muscles. However, all previous studies have been conducted on subjects in a seated position. Given that independent vestibular control of muscle spindle firing would be more valuable during postural threat, we tested the hypothesis that this modulation would become apparent for subjects in a near-vertical position. Unitary recordings were made from 18 muscle spindle afferents via tungsten microelectrodes inserted percutaneously into the common peroneal nerve of awake human subjects laying supine on a motorized tilt table. All recorded spindle afferents were spontaneously active at rest, and each increased its firing rate during a weak static contraction. Sinusoidal bipolar binaural galvanic vestibular stimulation (Ϯ2 mA, 100 cycles) was applied to the mastoid processes at 0.8 Hz. This continuous stimulation produced a sustained illusion of "rocking in a boat" or "swinging in a hammock." The subject was then moved into a near-vertical position (75°), and the stimulation repeated. Despite robust vestibular illusions, none of the fusimotor-driven spindles exhibited phase-locked modulation of firing during sinusoidal GVS in either position. We conclude that this dynamic vestibular stimulus was insufficient to modulate the firing of fusimotor neurons in the near-vertical position. However, this does not mean that the vestibular system cannot modulate the sensitivity of muscle spindles via fusimotor neurons in free unsupported standing, when reliance on proprioceptive feedback is higher. gamma motoneurones; vestibular; postural control THE ABILITY OF THE BODY to determine spatial orientation and manage postural and locomotive control is largely dependent on the vestibular apparatus, comprising the semicircular canals (responsive to rotational acceleration) and otoliths (responsive to horizontal and vertical linear acceleration; Lackner and DiZio 2005) . Muscle spindles are specialized stretch receptors that lie parallel to skeletal muscle and provide proprioceptive information regarding limb, neck, and torso position in space. This sensory input is integrated with vestibular signals, allowing the body to perform complex, dynamic equilibrium tasks (Pozzo et al. 1995) . Muscle spindles are innervated by static and dynamic ␥-motoneurons (fusimotor neurons) that, through their actions on intrafusal muscle fibers, can change their sensitivity to muscle stretch. Although direct recordings from ␥-motoneurons are technically difficult in humans, changes in fusimotor drive can be reliably inferred from changes in the firing of muscle spindle afferents, from which single-unit recordings can readily be obtained in awake humans via an intraneural microelectrode inserted percutaneously into a peripheral nerve (microneurography). Because many muscle spindles are active at rest, owing to the prevailing degree of muscle stretch in the receptor-bearing muscle, a fall in firing rate during a voluntary contraction is interpreted as unloading of the spindle by shortening of the extrafusal muscle. Conversely, if the firing rate is maintained or increases, or a muscle spindle is recruited, during a voluntary contraction, it can be concluded that fusimotor neurons have been activated.
It is generally accepted that, in humans, skeletomotor (␣) and fusimotor (␥) neurons are coactivated during voluntary contractions, with little evidence of independent control of the two motor systems. However, it is known in the cat that the fusimotor neurons can change the sensitivity of the muscle spindles independently, improving their signaling capacity when walking along a narrow branch, for example. Moreover, monosynaptic and polysynaptic connections exist between the vestibular and fusimotor systems (Pompeiano 1972; Pompeiano et al. 1966) , and electrical stimulation of the vestibular nuclei in the cat has been shown to lower recruitment thresholds for ␥-motoneuron activation (Diete-Spiff et al. 1967) .
In humans, galvanic vestibular stimulation (GVS), a means of selectively changing the spontaneous discharge of afferents originating in the vestibular apparatus, has been used extensively to study the contributions of the vestibular system to posture and locomotion. For instance, it has been shown to lower the voluntary recruitment threshold of ␣-motoneurons to the legs (Fitzpatrick and Day 2004; Wardman and Fitzpatrick 2002) . We have used sinusoidal GVS (sGVS) to determine whether the vestibular system can change the sensitivity of muscle spindles but found no evidence of such modulation of spontaneously active muscle spindles in relaxed leg muscles (Bent et al. 2007) . Given that there is negligible fusimotor drive to relaxed muscles in humans (Burke et al. 1979; Macefield 2012) , this could be explained by the possibility that any vestibular modulation of ␥-motoneurons would not be observed if the fusimotor neurons themselves are not already active. In a subsequent study, we showed that there was no vestibular modulation of muscle spindles in active leg muscles, in which subjects were asked to perform a weak voluntary contraction to engage the fusimotor neurons to the receptorbearing muscles (Bent et al. 2013 ). However, because both of these studies were conducted in seated subjects, it is possible that the absence of any vestibular modulation was related to this particular experimental condition.
Here, we asked the question, would the vestibular apparatus be able to induce modulation of fusimotor neurons, as assessed by changes in muscle spindle stretch sensitivity, in the upright condition, when task-dependent changes in segmental and supraspinal circuitry may be expected to occur? Indeed, changes in posture have been shown to modulate muscle spindle sensitivity from stimulation of mechanoreceptors in the foot (Aniss et al. 1990 ). Teleologically, this makes sense: changes in posture would reduce stability and require a more accurate feedback on limb positioning. From this concept of task dependency, we posit that the physiological changes associated with adoption of the upright stance bring about an upregulation of vestibular modulation of fusimotor drive while recognizing that an increase in vestibular modulation of ␣-motoneurons only occurs when postural activity is coupled to body sway (Fitzpatrick et al. 1994; Luu et al. 2012 ). In the current study, we tested the hypothesis that the vestibular system can increase fusimotor activity independent of any changes in skeletomotor activity. To achieve this, we recorded from single muscle spindle afferents in human subjects in two postural conditions: supine and during upright tilt to a nearvertical position.
METHODS
Data were collected from 10 healthy subjects (4 women and 6 men; age range 18 -28 yr) over 14 experimental sessions. All subjects provided written, informed consent. The study was conducted with the approval of the Human Research Ethics Committee, Western Sydney University, with all procedures conducted in accordance with the principles of the Declaration of Helsinki.
Experimental protocol. Throughout the experiment, participants were in 2 positions: originally supine and then near-vertical (75°from supine). In the supine position, participants lay on a motorized tilt table (Athlegen) with both feet against a rigid footplate at the end of the table. A vacuum pillow (Germa, Kristianstad, Sweden), placed just proximal to the knees, was used to elevate the knee to permit access to the common peroneal nerve. In the near-vertical position, the ankle joints remained at the same angle as in the supine position (ϳ10°knee flexion, ϳ5°ankle dorsiflexion). Electromyographic (EMG) activity was recorded from the muscles of the anterior compartment of the leg from which muscle spindle activity was recorded as well as the plantarflexors to ensure that the muscles were quiescent in the supine condition and active in the upright position. Disposable Ag/AgCl electrodes were placed over the muscle belly and tendon of tibialis anterior and soleus. EMG activity was amplified, filtered (bandwidth 10 Hz to 1 kHz, 50-Hz notch), and digitized at 2 kHz (LabChart 7, PowerLab 16/35; ADInstruments, Sydney, Australia).
Transdermal electrical stimulation, delivered through a 1-mm probe via an optically isolated constant-current source (0.2 ms, 1-10 mA, 1 Hz; ML180; ADInstruments), was used initially to locate the common peroneal nerve at the fibular head. An insulated tungsten microelectrode (FHC) was then inserted percutaneously, and a lowimpedance reference electrode was inserted subdermally ϳ1 cm away. Electrical stimuli (0.2 ms, 0.1-1 mA, 1 Hz) were delivered through the microelectrode as it was advanced toward the nerve. Muscle twitches evoked at currents Ͻ0.02 mA indicated that the microelectrode tip had penetrated a muscle fascicle. Neural activity was amplified (gain 20,000, band pass 0.3-5.0 kHz) using an isolated amplifier (Neuro Amp EX; ADInstruments) and digitized at 10 kHz (LabChart 7, PowerLab 16/35; ADInstruments). A muscle fascicle was identified by the following criteria: 1) electrical stimulation through the microelectrode induced muscle twitches below a threshold of 0.02 mA, 2) percussion or passive stretch of tendons or bellies of muscles supplied by the common peroneal nerve resulted in muscle afferent mechanoreceptor impulses, and 3) light stroking of the skin did not evoke impulses of tactile afferents. After the fascicle was identified, a single, spontaneously active, muscle spindle unit was isolated. Muscle spindle afferents demonstrated a characteristic tonic discharge, of which the mean frequency could be increased by stretching the parent muscle and decreased by passively unloading the muscle. Spindle afferents were provisionally classified as primary endings according to their high dynamic sensitivity to stretch, typically followed by a pause in firing, and a more variable discharge; secondary endings possessed low dynamic sensitivity and low discharge variability.
Following spindle identification, sinusoidal galvanic vestibular stimulation (sGVS) was applied via surface electrodes over the mastoid processes behind the ears in a bipolar binaural configuration. Stimulation (100 cycles, Ϯ2 mA, 0.8 Hz) was delivered using an optically isolated current stimulator (A395; World Precision Instruments). During stimulation, the subject's head was positioned neutrally with respect to the body, supported on a headrest of the table with the nose midline. The control voltage was recorded with the nerve and EMG signals. Subjects were asked to close their eyes before and during the stimulation, which was delivered at unexpected times, and to report on any sensations at the conclusion of the recording. Following a recording in the supine position, the subject was moved into the near-vertical position via the motorized tilt table. Unfortunately, some muscle spindle afferent unitary recordings were lost during this movement, owing to stiffening of the subject's legs in the upright position. For those recordings that remained stable, sGVS was then repeated. Occasionally, a new muscle spindle afferent was isolated in the near-vertical position.
Data analysis. Action potentials from a single muscle spindle afferent and the positive peaks of the sinusoidal stimulus were discriminated using software (Spike Histogram, LabChart 7; ADInstruments). Discriminator levels of neural activity were adjusted so as to include all positive-going peaks of width Ͻ0.5 ms and height Ͼ5 V above the background noise. Instantaneous frequency of the discriminated spindle firing was also calculated. The mean and standard deviation of the frequency were established and used to calculate the coefficient of variation (CV ϭ /), used as a measure of discharge variability. To determine the existence of a temporal correlation between the sinusoidal vestibular input and the muscle spindle firing, the same software was used to construct cross-correlation histograms between the positive peaks of the sinusoidal GVS and the spindle afferent spikes as well as autocorrelation histograms of the GVS data (50-ms bins). The period over which the histograms were calculated was equivalent to eight cycles of GVS. The histogram data were exported as text to a statistical and graphic analysis program (Prism 6 for Mac OS X v6.0g; GraphPad Software), and a smoothed polynomial function was generated. Fourth-order smoothed polynomials (twelve neighbors) were used to fit curves to the cross-correlation histograms. Vestibular modulation was quantified by measuring the difference in the number of spikes on the smoothed curve at the peak of the modulation and at the trough. These were then converted into a measure of modulation by employing the following formula: modulation index (%) ϭ [(peak Ϫ trough)/peak] ϫ 100. One-tailed t-tests or Mann-Whitney tests were used to determine whether mean firing rate, discharge variability, and modulation index were significantly higher in the upright position; P Ͻ 0.05 was considered statistically significant.
RESULTS
Recordings were obtained from eighteen single muscle spindle afferents across fourteen experiments. Five of the endings were located in tibialis anterior (TA), two in extensor hallucis longus (EHL), six in extensor digitorum longus (EDL), and five in the peronei muscles. From these spindles, thirteen recordings were made in the horizontal position, and nine were made in the near-vertical position. All of the afferents were spontaneously active at rest and increased their mean firing rate during passive stretch or a weak voluntary contraction of the receptor-bearing muscle. Based on high variability of resting discharge and high dynamic sensitivity to stretch, nine afferents were classified as primary endings; nine afferents with low discharge variability and low dynamic stretch sensitivity were classified as secondary endings.
Sinusoidal galvanic vestibular stimulation (GVS) was delivered twice, once in the supine position and again once the subject had been moved to the upright position. All subjects reported strong illusions of movement. The perceived movement matched the frequency of the GVS and was described as the perception of either "swinging in a hammock" or "being pushed gently on alternating sides of the head." In a few subjects, nausea and/or light-headedness was reported in the near-vertical position, although this occurred with and without GVS.
Experimental records from one subject in the supine position are shown in Fig. 1 . This spindle primary ending, located in tibialis anterior, showed a fairly regular spontaneous discharge that was initially increased at the onset of sGVS. It can be seen that this transient increase in discharge rate and variability disappeared after ϳ10 s, the spindle resuming its regular spontaneous discharge at the same mean frequency as before the stimulation. Although there was some low-level EMG in soleus, there was no detectable activity in the receptor-bearing muscle. Figure 2 shows this same recording following passive tilting of the subject to a near-vertical position. It should be pointed out that there was no overt change in muscle length because the feet were firmly placed in contact with the footplate in the supine position, so as to allow the subject to bear load on the feet when tilted upright. Clearly, EMG increased in the leg muscles, but this EMG did not infiltrate the nerve signal. It is apparent that discharge variability was higher in the upright position than in the supine position (cf . Fig. 2) ; this high variability continued as sGVS was applied but was not maintained for the duration of stimulation. This behavior was seen only in this particular muscle spindle ending; no other spindle afferents exhibited an increase in mean firing rate and such an overt increase in discharge variability during sGVS.
Figures 3 and 4 provide examples of cross-correlation histograms computed for 2 muscle spindle endings recorded in the near-vertical position. Mean modulation indices for the horizontal and near-vertical positions from the sample of muscle spindles are shown in Fig. 5 . There was no significant modulation in spindle firing between the 2 states (P ϭ 0.26, 1-tailed Mann-Whitney test).
As noted in the Introduction, the presence of fusimotor activity as a result of ␣-␥ coactivation can be demonstrated by changes in mean frequency and discharge variability. Mean data are shown in Fig. 6 . It can be seen in Fig. 6A that the mean discharge frequency did not change significantly between the 2 positions. Importantly, despite the EMG evidence of skeletomotor activity in the upright position, mean firing rate did not decrease; there was no unloading of the spindles, and mean firing rate was evidently maintained by the ongoing fusimotor drive. This is supported by the significant increase in resting discharge variability (P ϭ 0.0179, 1-tailed Mann-Whitney test) in the upright condition (Fig. 6B) .
DISCUSSION
Using sinusoidal GVS, we have shown that there is no significant vestibular modulation of fusimotor-driven muscle Fig. 1 . Single-unit recording of muscle spindle activity in supine position. Individual spikes were extracted from the raw nerve data and illustrated as standard pulses (spikes). The positive peaks of sinusoidal galvanic vestibular stimulation (GVS) were similarly discriminated and are displayed as standard pulses (GVS peaks). These timing events were used to generate cross-correlation and autocorrelation histograms. TA, tibialis anterior; SOL, soleus. spindles in a near-vertical, supported position. As outlined in the Introduction, previous studies from this laboratory have failed to find evidence of vestibular modulation of muscle spindles in leg muscles while relaxed (Bent et al. 2007) or during volitionally generated static contractions (Bent et al. 2013) . These results contradict assumptions made from the relationship between the vestibular and proprioceptive systems as examined in the cat.
Previous physiological evidence and teleological consideration of the two systems each leads to the assumption of significant physiological interdependence. Both play important roles in creating a meaningful and continuous mental representation of the orientation of the body in space. Muscle spindles are considered the most important source of proprioceptive information (Burke et al. 1988; Proske and Gandevia 2009) , primarily in determining limb, neck, and torso position with respect to the body. The vestibular system integrates this proprioceptive information with inputs of head position with respect to gravity (Lackner and DiZio 2005) , completing the mental image that plays a vital role in posture and locomotion. We recently showed that sinusoidal stretch of muscle spindles in the neck muscles caused a pronounced sinusoidal modulation of muscle sympathetic nerve activity in supine subjects, presumably via the vestibular nuclei (Bolton et al. 2014) .
Based on the above, it is reasonable to posit that the vestibular system would possess some capacity to modulate the sensitivity of muscle spindles independently, namely through the fusimotor system. This suggestion is supported by previous evidence in the cat. The interaction between somatosensory and vestibular input in the vestibular nuclei, motoneurons, and spinal interneurons has been well-documented (Anastasopoulos and Mergner 1982; Pompeiano and Brodal 1957; Rubin et al. 1977; Wilson 1988; Wilson et al. 1966 ). In the cat hindlimb, monosynaptic and polysynaptic connections have been established from vestibular nuclei to ␣-motoneurons (Grillner et al. 1970; Lund and Pompeiano 1965; Orlovsky 1972 ) and ␥-motoneurons (Grillner et al. 1969; Pompeiano 1972; Pompeiano et al. 1966) . Diete-Spiff and colleagues (1967) demonstrated an increase in muscle spindle discharge in the cat hindlimb after stimulation of the lateral, medial, and inferior vestibular nuclei as well as during direct stimulation the VIIIth cranial nerve.
Despite the obvious links established in animal studies, there has yet to be any convincing and reproducible human evidence that can identify independent modulation of spindle gain via the fusimotor system. Reflex connections of human fusimotor neurons with cutaneous and muscle afferents (Aniss et al. 1990; Gandevia et al. 1994 ) as well as visual inputs (Jones et al. 2001) have indicated the potential substrate for such independent control to exist. However, studies in relaxed (Bent et al. 2007; Gandevia et al. 1994; Ribot-Ciscar et al. 2000) and active (Aniss et al. 1990; Bent et al. 2013; Jones et al. 2001; Nafati et al. 2004) muscles have yet to demonstrate independent fusimotor changes in response to vestibular perturbations.
The concept of task dependency for independent control has been a primary driver in the direction of our research. Aniss and colleagues (1990) conducted a study investigating the influence of low-threshold cutaneous and muscle afferents from mechanoreceptors in the sole and dorsum of the foot on fusimotor activation of spindles supplying the pretibial muscles. Although no activation was demonstrated in sitting, for both quiescent muscles and during voluntary contraction, it was clearly seen during contractions in response to overt postural sway in unsupported standing. In addition, it has been shown that the gain for vestibular-evoked EMG responses is modified according to need for vestibular information, such as in free, unsupported standing (Fitzpatrick et al. 1994; Luu et al. 2012) . This led to the proposal that the postural standing task is necessary to establish the reflex pathways. From this evidence, we posit the physiological change that allows these pathways is an upregulation of vestibular activity as required of the task. It is likely that vestibulospinal pathways were engaged in the near-vertical position, but we cannot be certain. Nevertheless, we know that discharge variability increased significantly in this position, consistent with an increase in fusimotor drive to the receptor-bearing muscle.
However, we have in the present study demonstrated that no independent modulation of the fusimotor system occurs via the vestibular apparatus in the near-vertical position. One possible explanation for this is that whereas the subject's position during stimulation is designed to simulate a standing position, the subject's center of gravity remains over the table, thus distributing a portion of his or her weight against a stable surface rather than his or her legs. In addition, there was no attempt to introduce overt postural sway. These limited conditions may reduce the need for precise monitoring of muscle length and position in space that could necessitate independent modulation of the fusimotor system. With these considerations, it remains to be seen whether significant modulation would be detected in freestanding subjects, particularly with postural perturbations. If this were the case, our present study would provide evidence for the task dependency of these pathways, as it is clear that they are nonexistent while the subject is stable regardless of being in the supine or near-vertical position.
Methodological considerations. There have been very few human studies that have obtained single-unit recordings from individual muscle spindle afferents in freestanding conditions (Aniss et al. 1990; Burke and Eklund 1977; Inamura et al. 1993) . The microneurographic technique depends on the precise insertion of the microelectrode so as to impale the myelin sheath of a single myelinated sensory axon (10 -12 m in diameter) and to maintain this intraneural recording site during the entire recording process. This, in turn, requires that the subject maintain a static position throughout the experimental protocol, so as not to dislodge the electrode, and that EMG signals from the leg muscles do not swamp the nerve signal.
The use of a tilt table in our study was to mitigate risk of losing the recording site during transition between the two positions. Despite this, many recordings were obtained in the supine position and subsequently lost in the near-vertical position due to deterioration or abolishment of recording quality: recordings were obtained from thirteen units in the supine position but only nine in the near-vertical position. One contributing factor to the instability is the recording site. The common peroneal nerve, although very accessible, is mobile and susceptible to stretch during changes in posture.
Because of the difficulty in establishing and maintaining a reliable and suitable recording, our experimental protocol was time-limited and focused on the primary comparison of supine and near-vertical recordings during sinusoidal GVS and thus wanting of further investigation. Unlike similar studies investigating the effects of GVS, we did not include a sham GVS period. This was not seen as relevant as previous studies (Bent et al. 2007 (Bent et al. , 2013 have demonstrated that no modulation occurs with sham sGVS, let alone during actual sGVS. We also only delivered sGVS at one frequency, 0.8 Hz. This frequency was selected as previous studies have shown it to represent realistic vestibular input encountered during sway in quiet stance. However, it would be of interest to test different frequencies to eliminate the possibility that the vestibular pathways to the fusimotor system are more susceptible to significantly higher or lower frequencies. For example, marked vestibular modulation of muscle (Hammam et al. 2011 ) and skin (Hammam et al. 2012) sympathetic nerve activity has been demonstrated at frequencies of 0.08 -0.18 Hz as well as at frequencies up to 2 Hz (Grewal et al. 2009; James et al. 2010 ). It may also be possible that the vestibular system would respond to higher frequencies, matching average step rate or some other balancedependent task. Inclusion of a wider range of frequencies in future studies with a more stable recording procedure should be considered. Despite this, we do believe that tilting subjects to a near-vertical position in the present study did adequately engage the fusimotor system: as noted above, the increase in discharge variability in this position is consistent with an increase in fusimotor drive to the muscle.
Implications. In terms of determining the nature of the relationship between the vestibular system and the fusimotor system, the present research presents two potential implications. First, it is possible that there is no physiological need for the vestibular system to change the sensitivity of spindles in standing independently. Aside from spindles, it is known that certain myelinated cutaneous afferents provide proprioceptive information about joint movements (Aimonetti et al. 2007; Burke et al. 1988; Hulliger et al. 1979 ), albeit to a smaller extent. This has been shown to occur in the absence of changes in muscle or joint afferent input (Edin and Johansson 1995) . Considering the range of potential inputs for measuring and calibrating posture and comparing the capacity of the muscle spindles and vestibular system to detect these changes, it is possible that there is no need for further tuning of the fusimotor system for normal, postural, and locomotive tasks, which does not discount the contributions of muscle spindles from the leg muscles in postural control. Alternatively, it may be that the current and previous studies did not adequately engage the vestibular system to a degree that necessitates independent modulation of spindles. This implies that we would see modulation in more demanding postural or locomotive tasks such as free, unsupported standing with and without perturbations to the upright posture.
Conclusions. We have shown that there is no significant vestibular modulation of muscle spindle activity in the pretibial flexors in humans tilted into a near-vertical position despite evidence that the fusimotor system is engaged in this position.
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